Abstract Shrimp is seafood that can commonly trigger allergic reactions. In this study, the ultrafast real-time PCR assay with portable device was developed to detect a shrimp-derived major allergen, tropomyosin, without complicated DNA extraction. For shrimp allergen detection, a specific primer pair was designed based on the shrimp tropomyosin gene and 18S ribosomal RNA gene as internal control. Primer specificity was assessed using 8 common seafood species. Serially diluted shrimp DNA was used to determine the limit of detection of the ultrafast PCR system, which was approximately 3.2 pg. Twentythree food samples containing shrimp were evaluated to verify the applicability of a direct ultrafast PCR method for detecting shrimp allergens without DNA isolation. It took less than 30 min from sample preparation-to-result analysis to detect shrimp DNA in raw and processed samples. Therefore, this PCR system can be effectively and conveniently utilized in the field to detect shrimp in various food products.
Introduction
Fishery products are an important component of the human diet. Currently, fishery products are one of the major causes of food allergies, especially in coastal areas and in fish processing communities (Van Do et al., 2005) . Food allergies have been identified as a major health issue with an estimated 4% of the total population affected by food allergies (Sicherer et al., 2004) .
Shrimp is one of the most popular seafood in Korea. It has been consumed as raw materials, and also used in various processed products, such as shrimp powder, seasoning paste, retort, and fried snack foods. However, there is concern for an allergy-like reaction when shellfish is eaten. The major heat-stable allergen of shrimp has been identified as tropomyosin (Shanti et al., 1993) . Tropomyosin is a major, well-known allergen in crustaceans, such as shrimp and crabs, and in mollusks, such as clams and oysters (Herrero et al., 2012; Lee et al., 2012) . The amount of tropomyosin to cause an allergenic reaction depends on the sensitivity of individual (Herrero et al., 2014) and there is no clinical report yet.
For detecting food allergens, protein-and DNA-based detection methods were commonly used (Herrero et al., 2012) . Protein-based method is advantageous in that is easy to use, is detectable in a short period of time, and directly reacts allergen-inducing antigens (Park et al., 2013) . However, there has drawback of low sensitivity of the processed food processed by heat or pressure due to protein denaturation (Reisch et al., 2015) , and low specificity among similar species (Eller and Jensen, 2013) . In the case of DNA-based detection, DNA-based method is more heatstable than protein, so it can be detected highly sensitively in processed foods, and can be high specific detection by comparing sequences even similar species. (Herrero et al., 2014; Pascoal et al., 2011) . However, there has time-consuming compared with the protein-based method, and has limitation in that indirectly detect an allergen-inducing antigen (Pafundo et al., 2010) . PCR is a powerful technique for detection of pathogens and GMOs and the identification of meat species Song et al., 2017) . PCR requires a thermal cycler to amplify the target DNA, and the use of a Peltier heater in conventional PCR systems typically takes approximately 1-2 h to perform 30 PCR cycles (Furutani et al., 2016; Son et al., 2015) . To reduce the reaction time of thermal cycling in PCR, ultrafast PCR systems using microfluidic chips have been recently developed and applied within various fields (Aboud et al., 2013; Furutani et al., 2017; Houssin et al., 2016; Wheeler et al., 2011) . Furthermore, for pointof-care (POC) molecular diagnostics, ultrafast PCR systems have been designed to be portable, simple, and easy to use.
Due to an expansion in food allergen labeling and revisions to allergen labeling methods in Korea, we developed a detection method for shrimp tropomyosin using an ultrafast PCR system that can complete 40 cycles within 20 min. A homogenization process in lysis buffer without the routine procedures for DNA extraction was combined with this system, allowing on-site detection of traces of shrimp allergen. In a previous study, Song et al. (2012) had developed a LabChip real-time PCR system as a POC tool to rapidly detect influenza A, which could achieve 30 PCR cycles in 15 min. Furutani et al. (2016) had reported a reciprocal-flow PCR system that was based on the TaqMan probe technology, which was able to detect E. coli with 50 cycles in 7 min. An ultrafast photonic PCR method developed by Son et al. (2015) combined an AU film as the light-to-heat converter and light-emitting diodes (LEDs) as the heat source, which could complete 30 cycles within 5 min. However, our method reported here has advantages over previously reported methods: our method has minimal time compared to previous report by Song et al. (2012) , and does not require individual probe design, and visualization by electrophoresis on the gel after PCR amplification (Furutani et al., 2016; Son et al., 2015) . In addition, PCR products amplified by the target-specific primer pair can be monitored and analyzed in real-time and confirmed through post-PCR melt curve analysis.
Therefore, to develop a rapid on-site detection method for shrimp allergens, a direct real-time ultrafast PCR assay was applied to 23 shrimp-containing food products. The assay allowed sample preparation-to-result analysis of various food products in less than 30 min. This PCR system can be effectively and conveniently utilized to detect the shrimp tropomyosin gene in raw and processed food products.
Materials and methods

Samples
Five shrimp species [white leg shrimp (Litopenaeus vannamei), black tiger shrimp (Penaeus monodon), Argentina red shrimp (Pleoticus muelleri), kuruma shrimp (Marsupenaeus japonicus), and Chinese white shrimp (Fenneropenaeus chinensis)] and 7 different species of seafood [crab (Portunus trituberculatus), squid (Todarodes pacificus), clam (Ruditapes philippinarum), mussel (Mytilus edulis), abalone (Haliotis discus hannai), oyster (Crassostrea gigas), and mackerel (Scomber japonicas)] were purchased at local Korean seafood markets. To evaluate the applicability of this method in processed food products, 23 commercial samples containing shrimp (5 seasoning, 4 fried rice, 3 snack, 3 dried shrimp, 2 porridge, 3 dumpling, 1 fried shrimp, 1 pizza, and 1 shrimp sushi) were purchased at markets in Korea. All samples were ground in liquid nitrogen using a mortar and pestle, and immediately stored at -20°C until use.
DNA extraction
Each DNA sample was isolated from the raw shrimp and food products using a DNeasy Blood and Tissue kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. The DNA concentration and purity were measured with a UV spectrophotometer (UV-1700, Shimadzu, Kyoto, Japan). The final concentration of isolated DNA was adjusted to 10 ng/lL for use in ultrafast PCR. DNA with a 260/280 nm wavelength ratio between 1.8 and 2.0 was used as the template for PCR.
Primer design
The shrimp tropomyosin gene sequence was obtained from GenBank (Accession No. EU410072) and aligned with the Clustal Omega program (Fig. 1) . In addition, the primer pair M18S-F/R was used to amplify the 18S rRNA gene as an internal control. All primers were designed using the Primer Designer program version 3.0 (Scientific and Education Software, Durham, NC, USA) and synthesized by Bionics (Seoul, Korea). Table 1 shows primer pair information.
Ultrafast PCR reaction
For the rapid and on-site detection of shrimp allergen, an ultrafast real-time PCR system (GENECHECKER Ò ) based on microfluidic technology was developed. The PCR system is coupled with a microfluidic PCR chip (Rapi:chip TM ) that is made of a thin polymer film with a well volume of only 10 lL, which included 5 lL of SsoFast TM EvaGreen Ò Supermix (Bio-Rad Laboratories, CA, USA), 1 lL of each primer pair (400 nM), and 1 lL of DNA template (10 ng/ lL). The following PCR conditions were used: pre-denaturation for 1 min at 95°C, followed by 40 cycles of denaturation at 94°C for 5 s, annealing at 58°C for 5 s, extension at 72°C for 5 s. PCR was followed by melting curve analysis (60-90°C) to confirm the melting temperature of each amplified sample using the portable fluorometer. Non-template samples were used as negative controls in all reaction.
Direct ultrafast PCR reaction
20 mg of ground sample was washed three times with 1 mL of distilled water (D.W.) and then added to 1.5 mL of Direct PCR Lysis Buffer (Genesystem, Daejeon, Korea). The sample was mixed vigorously using a vortex mixer for 1 min, incubated for 5 min at room temperature, and then centrifuged. The supernatant was transferred to a new tube and diluted by one-fourth with D.W. Diluted supernatant (2 lL) was used as a template for the ultrafast PCR reaction and was carried out under the same conditions listed previously.
Intra-laboratory validation of direct ultrafast PCR
The developed ultrafast PCR assay was validated using each different ultrafast PCR instrument by two users. To verify the reliability of this assay, each user performed sample preparation of 23 food products and analyzed the presence of shrimp by using ultrafast PCR, as described above.
Results and discussion
Development and specificity of portable ultrafast PCR system
The portable ultrafast PCR system was developed using a microfluidic polymer chip for rapid molecular diagnostics and research applications, which can perform 40 PCR cycles in less than 20 min. This system could be easily applied to molecular diagnostics in various fields with no need for individual probe design due to the use of a 
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On-site direct detection of shrimp allergen 593 fluorescent dye. Furthermore, because the device was compact and powered by a battery, the portable ultrafast PCR system may be suitable for on-site detection. In this study, five shrimp species [white leg shrimp (Litopenaeus vannamei), black tiger shrimp (Penaeus monodon), Argentina red shrimp (Pleoticus muelleri), kuruma shrimp (Marsupenaeus japonicus), and Chinese white shrimp (Fenneropenaeus chinensis)] were tested for allergen with the ultrafast PCR system. Among them, white leg shrimp and black tiger shrimp are produced more than 80% of the farmed shrimp worldwide (Pascoal et al., 2011) , and are eaten the most commonly in Asia .
The tropomyosin gene is shown high sequence homology across crustacean species (Leung and Chu, 1998) . A shrimp-specific primer pair, Strop-F/R, was designed by comparing tropomyosin sequences between several crustaceans (Fig. 1) . Using the primer Strop-F/R, PCR products were amplified from these five shrimp species ( Table 2) . The ultrafast PCR system included a post-PCR DNA melt curve analysis using the EvaGreen dye, which exhibits lower PCR inhibition than SYBR Green I (Ali et al., 2014; Mao et al., 2007) and showed threshold cycle number (Ct) and the melting temperature (Tm) amplification for each target. Therefore, the results of the PCR test were confirmed as positive or negative by comparing their melting curves and peaks.
As shown in Table 2 , the specificity of the primer Strop-F/R for the shrimp tropomyosin gene was confirmed to not cross-amplify using different species of seafood, such as crab (Portunus trituberculatus), squid (Todarodes pacificus), clam (Ruditapes philippinarum), mussel (Mytilus edulis), abalone (Haliotis discus hannai), oyster (Crassostrea gigas), and mackerel (Scomber japonicas). In addition, the melting temperatures (Tm) of amplified products from five shrimp species ranged from 78.47 to 79.12°C.
A universal primer pair targeting the 18S rRNA was also used as an internal positive control and was amplified to confirm the presence of DNA in all samples used for specificity test (Martin et al., 2009; Safdar and Jenejo, 2015) . As shown in Table 2 , positive signals in all seafood samples, including the five shrimp species, were obtained by the eukaryotic primer pair. Thus, these results showed that shrimp-specific primer pair designed in this study specifically amplified target species except different species.
Sensitivity of the ultrafast PCR system
The detection of allergens in food products can be very difficult since allergens are frequently present only in trace quantities (Poms et al., 2004) . Therefore, the development of precise and highly sensitive detection methods is significant for the food industry. To determine the limit of detection by the ultrafast PCR assay, DNA extracted from the shrimp was 5-fold serially diluted from 50 ng to 0.64 pg, and then the Ct values and melting temperatures (Tm) were analyzed. The Ct values of the shrimp DNA samples ranged from 23.58 to 34.61, and the Tm's of all samples were 79.35 ± 0.24°C. The detection limit of this assay was 3.2 pg (Fig. 2) . This value was lower than the 5 pg of DNA reported by Taguchi et al. (2011) . Moreover, since the ultrafast PCR technique for detecting the presence of shrimp is completed in 20 min and analyzed using Nd not detected Fig. 2 Sensitivity results of the ultrafast PCR using fivefold serially diluted shrimp DNAs (50 ng-0.64 pg). Fluorescence of amplification for shrimp was detected in real-time (A), and then melting curve analysis was performed after PCR reaction (B) minimal and battery-powered equipment, our method is much faster and is applicable to on-site detection compared to other PCR-based methods such as real-time PCR and RFLP-PCR.
Analysis of commercial food products
To confirm the applicability of the developed ultrafast PCR system in commercial food samples, 23 food products were analyzed using extracted DNA and samples without DNA extraction (Table 3 ). All reactions were carried out in duplicate to verify the repeatability of the assay. The 23 shrimp-containing foods included seasoning, fried rice, snacks, dried shrimp, porridge, dumplings, fried shrimp, pizza, and sushi. The shrimp allergen tropomyosin was successfully amplified by primers within 20 min in a variety of food products (Table 3 ). The most of Ct values measured by direct ultrafast PCR assay without the routine procedures for DNA extraction were delayed compared to the Ct values measured by ultrafast PCR assay using DNAs extracted from food products, because some components in food matrix could inhibit PCR reaction Kitpipit et al., 2014) . However, melting peaks performed after the amplification reaction were between 78.47 and 80.74°C for both extracted DNA and samples without DNA extraction (Table 3) . These results showed that the same PCR products were amplified by the shrimp-specific primers in both methods and applicability of this developed system in various foods including highly processed samples. PCR-based methods for food allergen detection can be successfully applied to highly processed samples due to more stable property of genomic material than protein (Herrero et al., 2014) . The shrimp tropomyosin gene was detected without a DNA isolation procedure in all food samples in less than 30 min from sampling to time of analysis. In addition, since the procedure is easy and only requires buffers at room temperature, this direct ultrafast PCR system could be utilized for the detection of shrimp in the field.
Intra-laboratory validation study of the direct ultrafast PCR system
An intra-validation study was performed to assess the reliability and applicability of the direct ultrafast PCR system. Each of two users prepared 23 of food samples using the simplified extraction method and carried out each different ultrafast PCR to detect shrimp in commercial products. Results analyzed by two users showed all samples containing shrimp were observed as positive signals and target species was confirmed through Tm values analysis (Table 3) . Thus, this developed assay can provide as a reliable and robust method to identify shrimp in processed products and is available for food allergen control in process chain.
